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I. INTRODUCTION
There are numerous techniques for characterizing force properties in biology. Optical tweezers, atomic force microscopy (AFM), and magnetic tweezers are the most commonly used tools. Magnetic tweezers exhibit a number of advantages, for example, relatively high force (compared to optical tweezers), multi-dimensional actuation, and high spatial and temporal resolution.
1 Therefore, they have become an increasingly important tool in the study of single molecules and cell biophysics. For example, magnetic torque tweezers are especially suitable for torque measurement of DNA single molecule. 2, 3 By binding the magnetic particle to components of cellular membranes, the mechanosensitive ion channels can be modulated or controlled. 4, 5 In addition, the mechanical properties of cell membrane and cytoplasm can be analyzed by manipulating micro-magnetic probes. [6] [7] [8] Recent advances in technique and novel magnetic particles' syntheses lead this tool to multi-functionality and expand its potential application. 9 Superparamagnetic microbeads with a diameter from 0.5 to 5 µm are usually used as measurement probes in magnetic tweezers. Via a magnetic gradient field, magnetic tweezers generate a force on the magnetic particles. In general, ideal magnetic tweezers should (1) be able to apply strong enough force, (2) have good maneuverability, and (3) have a structure applicable to biological experiments, e.g., cell culture. In order to generate sufficiently strong force, magnetic tweezers usually employ a structure with sharp-tipped magnetic poles and a a) Author to whom correspondence should be addressed. Electronic mail:
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probe with high magnetization. For example, with magnetic beads with a diameter of 5 µm, single-pole electromagnetic tweezers can apply up to 100 nN of pulling force at a distance of 10 µm away from the pole. 10 However, single-pole actuators can only apply magnetic forces in a single direction. By using multi magnetic poles, maneuverability can be achieved. With two opposing magnetic poles, bi-directional magnetic forces can be generated. 11 With three or four poles symmetrically placed in one plane, 2D actuation can be achieved. 12, 13 To generate magnetic forces in 3D directions, a six-pole magnetic actuator, with three poles each in the top and bottom plane, has been designed and implemented. 14, 15 With the help of gravity force, 3D manipulation can also be achieved with poles only in one plane. 16 Because of its simple structure, single pole magnetic tweezers are more straightforward and have been implemented more often. As shown in Ref. 10 , analytical mathematical expressions can be used to accurately model the single pole electromagnet. For electromagnets with multiple poles, an approximate formula model can be applied when the magnetic force is small and the magnetic field changes smoothly in workspace. 13, 15 However, it is difficult to find a simple analytical model for 2D and 3D magnetic actuators with high force output because the magnetic force is generally a nonlinear function of position and currents of the multiple coils. In order to overcome this difficulty, we developed a new method to build a force model and an experimental setup. In this setup, a hexapole yoke made from soft magnetic materials with high permeability is used, which is compatible to both 2D and 3D actuations with different magnetic tip configurations. In this report, we will only focus on 2D actuation. The system we present here successfully combines high force output and good maneuverability.
In this paper, we present the design, modeling, implementation, and experimental results of a smart magnetic tweezers. This paper is organized as follows. Section II A briefly introduces the magnetic tweezers setup. The force model of magnetic bead actuation will be derived in detail in Sec. II B. In Sec. II C, the electronics design of the current amplifier is presented. Section II D covers optical tracking of the magnetic beads with different vision measurement algorithms. Based on these constituents, the feedback control is briefly presented in Sec. II E. The experimental results are given in Sec. III. Finally, the results are summarized and discussed in Sec. IV.
II. MATERIALS AND METHODS

A. Magnetic tweezers setup
In our magnetic tweezers setup shown in Figs. 1(a) and 1(b), the actuation parts include a main hexapole yoke and a fluidic cell with magnetic tips. The hexapole yoke is composed of 10 layers of laminated magnetic parts (PERMENORM ® 5000 H2, Vacuumschmelze GmbH & Co. KG, Germany), which forms the main magnetic circuit. This soft magnetic material has a very small hysteresis, a high permeability at a large magnetization range, and a high saturation field of 1.55 T. Every crisscrossing layer pattern is composed of 6 equal parts with a thickness of 0.5 mm. These Ni-Fe foils were isolated by a thin layer of varnish. Each magnetic pole of the main yoke has one actuating coil. Each coil has three taps to be configured with 80, 160, or 240 windings. In the central area, there is a small fluidic cell, which is fixed on the main yoke poles, as seen in Fig. 1(b) . The fluidic cell includes 3 magnetic tips with 0.1 mm thickness (VACOFLUX ® 50, Vacuumschmelze GmbH & Co. KG, Germany), which are fixed on a cover slip (0.3 mm thick, 18 mm diameter) using polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning Corporation, USA). The tips do not contact the yoke and they are separated from it by the cover slip. For 3D actuation, the tips can be alternately placed at different height levels, similar to Ref. 14. The layout of the fluidic cell is presented in Fig. 1(c) . A glass ring is placed on the tips to form a reservoir for the liquid sample. In order to avoid erroneous displacement during the process of fixing the tips, there is a supporting ring at the outside ends of tips. After curing of the PDMS, the ring is removed. In addition, different configurations of fluidic cells can be achieved easily by assembling them using individual tips. In the workspace between the tips, the magnetic beads can be manipulated, as shown in Fig.  1(c) . All of the main yoke parts and tips in the fluidic cell were cut by laser to form the designed geometry and magnetically annealed under dry hydrogen atmosphere (manufactured by SEKELS GmbH, Germany). The light from a light-emitting diode (LED) cold-light source (CL 6000 LED, Carl Zeiss AG, Germany) is used to illuminate the workspace by an optical fiber from the bottom of the fluidic cell. With this, the heat contribution from light on the fluid cell is reduced, especially at high light intensity. In order to detect the particles, a USB 3.0 highspeed monochrome CMOS camera (MQ042MG-CM, XIMEA GmbH, Germany) is used, which is specified to 90 frames per second at the full resolution of 2048 × 2048 pixel. 2 In order to supply sufficiently high currents and to conveniently optimize the performance for the specific coils, we designed and built a multichannel power amplifier. The coils were wound using enameled copper wire with a diameter of 0.5 mm. We also built a multi-channel magnetometer to help to calibrate the magnetic tweezers. Six small hall probes (A1302, Allegro MicroSystems, LLC, USA) were placed before the poles of main yoke underneath the top layers. In order to improve heat dissipation, a passive aluminum heat sink was mounted beneath the coils. The coil formers and the base plate for mounting the yoke are also made from aluminum. A multi-channel thermometer using six Pt100 temperature sensors was setup to individually monitor the temperature of each coil. The block diagram of our magnetic tweezers system is shown in Fig. 1(d) . As the main part of system, the red feedback loop is used to actuate magnetic beads.
B. Magnetic force and inverse force model
Magnetic field and force
In our setup, the main yoke and fluidic cell form a closed magnetic circuit. The symmetrical tips in fluidic cell enclose a workspace where samples are located. The laminated pole tips driven by the main yoke are used to conduct and concentrate the magnetic flux into the workspace. With the ensuing magnetic field gradient, an actuation force can be applied on the magnetic beads. This magnetic force obeys
where B is the magnetic flux density and m is the magnetic moment of the bead. As in Eq. (1), the force is proportional to the magnetic moment of the bead and to the magnetic field gradient at the bead's position. In general, the microbead used as probe is superparamagnetic. Its magnetic moment depends on external magnetic field, which can be approximately described by the Langevin function,
Here, H refers to the magnetic field strength and m s is the saturated magnetic moment of the particle. Parameter a is related to temperature and other physical properties. When the magnetic field is small, the magnetic susceptibility of the bead can be approximated as being constant. But when the magnetic field increases, the magnetic moment saturates very quickly. In formula (3), µ 0 is the vacuum permeability and µ r is relative permeability of medium which surrounds the particle. In air and water, µ r is around 1.
One of the major goals of magnetic tweezers design is to achieve a strong force on the magnetic bead. From formulas (1) and (2) , in the range of high field or high force, the gradient of magnetic field will play the main role to increase the force. In general, in order to obtain high magnetic field gradient, we can use a soft magnetic material with a high saturation magnetic field and adopt an optimized structure of magnetic poles. For this reason, the cobalt iron alloy VACOFLUX ® 50 is used for the magnetic tips, which has a very high saturation field of 2.33 T. Besides, the sharp structure of tips and a small gap between tips can also enhance the magnetic field gradient. However, the distance among tips is a design variable and determined by the trade-off among the dimension of workspace, maximum amplitude and accuracy of magnetic force, manufacturing technique, and so on.
In order to optimize the geometrical design of the tips, we have inspected different structures using finite element simulation (COMSOL Multiphysics, COMSOL, Inc., USA). The simulations performed here were limited to 2D geometrical models in real dimension. The magnetic fields in the workspace were evaluated by nonlinear constitutive relation. The B-H magnetization curves of the soft magnetic materials were adopted from the measurement results that the manufacturer obtained from our magnetic parts. Here, the shapes of all tips are like isosceles trapezoid, and the protrusion angles of the tips are around 35
• . Unless otherwise indicated, the distance from the center of the workspace to the tip is 0.1 mm, and each tip corner has a 10 µm radius. In order to decrease magnetic flux leakage, the sum of the three coil currents was always restricted to zero.
Because of the superparamagnetism of magnetic bead, the magnetic force always directs along the gradient of the magnitude of magnetic field, independent of the direction of the magnetic field. As shown in Fig. 2(a) , with tips of 80 µm in width, the saturation magnetic field (magnitude) and corresponding magnetic force in workspace were obtained from simulation at currents: 174 A turns on right source coil; −87 A turns on two other counter coils. Here, all the force calculations were based on the magnetic moment of Dynabeads ® M-270 Carboxylic Acid (Thermo Fisher Scientific, Inc., USA). Unless otherwise stated, we abbreviate these beads as M-270 in this paper. In the area indicated by a black square (1/2 area, 0.1 mm × 0.1 mm) in Fig. 2(a) , the force is relative homogeneous, which is important for control. The center of workspace is marked as O, with a force of 1219 pN along the x axis. Because the right tip is located close by, the force at point B is maximum in the upper half square, with |F(B)|/|F(O)| = 1.24. In the area between corners of tips, despite a high magnetic field, the magnetic force is low because of small magnetic field gradients. So, the minimum force in the upper half square is located at A, with square. Outside of this square, the force changes rapidly. Although higher force can be achieved when approaching the tips, the resultant higher anisotropy will also deteriorate the maneuverability. Especially, there are some "dead zones" near the tips, where the particles are always pulled toward the tips at any nonzero input currents. Due to the limited accuracy of the manufacturing process, some tips may exhibit deformations. In order to inspect this effect, the right tip was shifted in the simulation by 20 µm along the y axis, as shown in Fig. 2(b) . It is obvious that there is a large change of the magnetic field distribution in the area near the right tip. The error percentage of force induced by this deformation is depicted in Fig. 2 (c) as a surface plot of the 1/2 area. The error is highest at the upper and lower corners towards the right tip. However, the error decreases with distance from the deformed tip. Within the inner 1/4 area (0.05 mm × 0.05 mm), the error is less than 18.7%. But the maximum error increases to 41.4% in 1/2 area. In order to optimize the width of the tip, we have simulated tips with widths of 30, 60, 80, 100, and 120 µm. The results are presented in Fig. 2(d) . With a wider tip, the saturation current increases; hence, higher magnetic flux can be applied to the workspace, which also enhances the force. When the tip has a width of 100 µm, which equals the distance from the central point to the tip, a maximum force of 1378 pN can be exerted on a single M-270 bead. This result agrees well with the findings presented in Ref. 12.
Inverse force model
From Fig. 2(a) , it is obvious that the force is highly position dependent. In order to generate an accurate force on the bead in the workspace, an inverse force model is developed. With this inverse force model, we can determine the input currents that produce the desired magnetic force. First, based on the simulation result, a lookup table (LUT) of coil currents to magnetic field was obtained. As shown in the inset plot of Fig. 2(d) , below magnetic saturation, the linearity between B and I is very good. Moreover, because of the symmetry of the magnetic poles, we can compose the final magnetic field by rotating and then superimposing the field generated by each coil current, as in formula (4),
Here, q p and r p are position dependent parameters and index p is the number of the magnetic pole. and r p are adopted as a LUT with 2 µm grid spacing. With this LUT, the magnetic field of any position in work space is bilinearly interpolated using the four nearest neighbor grid points. As in formula (2), the magnetic moment of the bead can be described by a Langevin function. So the force components are coupled by this nonlinear function, of which it is difficult to obtain an analytic solution. In order to find a direct way to compose any desired force vector, we adopted a piece-wise linear approximation to describe m(B) of the magnetic bead, as in formula (5),
The space between boundary points B i is chosen based on the slope change of m(B). So, the accuracy of the piecewise linear magnetization function can be improved easily by increasing the number of pieces. In this work, we used 18 pieces to characterize the magnetic bead. As shown in Fig. 3 
Based on Eqs. (4)-(6), it is easy to solve for the currents from a desired force in a recursive way. By iterating through the linear sections starting from the first section with k 0 and b 0 , it is checked if the variable B resolved from Eqs. (6) and (4) also satisfies Eq. (5). If yes, this result is the solution; if not, the iteration is continued. For quadratic equations, there are usually two solutions. Here, we adopted the smaller one to keep currents as low as possible. 
C. Electronics
Due to the high permeability of PERMENORM ® , the main yoke coil with 240 turns exhibits a high inductance of 8.86 mH at 100 Hz, which was measured by LCR meter (ST2826A, Sourcetronic GmbH, Germany). When the frequency goes up, the inductance of the coil decreases a little, for example, to 2.67 mH at 224.5 kHz. Around 300 kHz, there is a sharp drop in inductance and the dissipation factor increases at the same time. It is a challenge to drive these high inductance coils fast and accurately. When using a normal amplifier to drive such high inductive load, it is very easy to cause oscillation. In this work, in order to apply a fast and stable force, we custom built a multi-channel power amplifier. High power operational amplifiers OPA541 (Texas Instruments, Inc., USA) were used which have a maximum dissipation power of 125 W. A high-speed precision operational amplifier OPA602A (Texas Instruments, Inc., USA) was employed as voltage-to-current conversion amplifier. Besides, two primary switched power supplies of 1200 W each (EXW 24.50 installation unit, Kniel GmbH, Germany) were adopted. With these, the fluctuation of the current output is limited to less than 1 LSB of the 16 bit DAC, corresponding to 150 µA. With up to three specific stability compensation circuits for inductive loads, the amplifier was optimized to achieve a good performance for each coil configuration (80, 160, and 240 turns).
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• and 70
• . Because forces are directly dependent on magnetic field, a magnetometer based on hall probes was built to monitor the magnetic flux through the core. The probes were attached at the ends of the main yoke poles. As shown in Fig. 4(a) , the magnetic field can follow the coil current very well. The magnetic field step response for the low inductance coils is not shown because it is limited by the bandwidth of the Hall sensors (20 kHz). With these sensors, no hysteresis was observed, which we ascribe to the low coercivity (3.41 A/m) and high permeability of yoke material (µ r > 8000 up to 1 T). Between experiments, the magnetization of the main yoke was degaussed by applying sinusoidal currents with rotating decaying amplitude, which quench the residual magnetism in every part of the soft-magnetic yoke.
In order to protect the coils from overheating, we mounted a heat sink under the coils. Moreover, a six channel thermometer was built to monitor the temperature of the coils. Thanks to the heat sink and the aluminum mechanical framework, even with continuous 4 A current lasting for 10 min, the highest temperatures measured at coil, heat sink, and fluidic cell were 112.5
• C, 78.0
• C, and 35.5
• C, respectively. Before this measurement, 0.25 ml milli-Q water was put in the fluidic cell, and then the temperature sensor was immersed in water.
D. Particle tracking
In order to determine the position and to measure the velocity of microbeads, we implemented a video based particle tracking system, which allows for high flexibility and is easy to implement. This system includes a vision acquisition and analysis software and a fast speed digital camera with the microscope. With a small region of interest (ROI) of 100 × 100 pixel, 2 our camera can capture more than 2000 frames per second. The speed limiting factor for small ROIs is the rate at which data can be read off the pixel sensor. The vision acquisition and analysis software was developed in LabVIEW (National Instruments, USA). All vision analysis was done on a multicore CPU (Core i7 3770K, Intel Corporation, USA). In order to obtain a good image quality especially at a short exposure time situation, the fluidic cell was illuminated in transmission mode. By a calibration slide, we determined the scale of our imaging system to 198 nm/pixel. In this work, we have implemented three position tracking algorithms for different application conditions, as given in Table I .
In the center of mass (COM) algorithm, the profile of the microbead is first detected by a threshold. Then, the central position of the microbead is calculated based on the weighted pixel value. 18 Because of simple calculation, this method is very fast. However, this method can only be used for good optical conditions with a clear contrast between particle and background. Due to its invariance to linear brightness and contrast variations, normalized cross correlation (NCC) has found numerous applications in image processing, such as pattern recognition and template matching. Here, we track the bead by correlating the current image with a template image of bead, which can effectively eliminate background disturbances like in Ref. 19 . The template image is built by interpolating along radial direction with mean intensity profile along four radial directions x−, x+, y−, and y+. Before every experiment, the template image of bead was manually selected by an annulus tool. The exact position along x and y directions is fit with a second-order polynomial using five points around the maximum value in the result of NCC. In general, the NCC is more robust and has a higher resolution than COM, especially in a noisy image. 18, 20 Although NCC has high accuracy, the computational effort required is much higher. In order to increase the speed, we implemented this algorithm in parallel computing. Besides, we also used optical flow (OF) method, which is based on pyramid-based Lucas and Kanade algorithm as implemented in the Vision and Motion module of LabVIEW. With this method, it is easy to track multiple objects even when they overlap on the image. However, the resolution of this algorithm is low, and the absolute error will accumulate continuously. In order to shorten the time for particle tracking, we adopted a moving sub-ROI for all the three algorithms, so that only the pixels in this region were analyzed. In addition, for convenience of post-processing, we also implemented a circular buffer to queue the images from camera and compress them into video in a parallel process. In practice, due to the limited speed of CPU, only part of the experimental images can be archived (for example, one out of three at a ROI of 600 × 600 pixel 2 ).
E. Feedback control
As mentioned in Sec. II B 1, the magnetic particle is always attracted towards a magnetic pole, so there is no stable state at which the particle can remain with constant currents applied. In order to stabilize and control the motion of the magnetic particle, we implemented an active feedback controller. With the inverse force model deduced as previous, we can linearize the force output of magnetic tweezers. As a result, the controller design was greatly simplified. The remaining linear dynamics of the system can thus be handled with a linear controller. In order to decrease the steady state error, a proportional integral (PI) controller was deployed. Using Simulink/Matlab (MathWorks, Inc., USA) with trial-and-error design method, the parameters of the PI controller were determined. Then, this continuous controller was converted to a digital controller by using the trapezoid rule. Moreover, when the output of this controller reached some set value, the integrator part was reset to avoid large overshoot (anti-windup). 21 A detailed analysis on the effect of delay can be found in Ref. 16 . As the speed strongly influences the positioning accuracy and maneuverability, 13 we tried to improve it as much as possible. Thanks to the high speed of the camera, the fast particle tracking code and the very low delay of RIO card, the speed of actual control loop was 303 Hz at ROI of 600 × 600 pixel 2 and 870 Hz at 200 × 200 pixel 2 with COM tracking algorithm. Faster speeds than 1 kHz can be achieved easily by adopting a smaller ROI.
III. EXPERIMENTAL VERIFICATION AND ANALYSIS
In order to verify our model, the magnetic force was calibrated using the classical viscous drag approach. The force applied on bead is measured by observing the viscous drag at constant coil current configuration. According to Stokes' formula, the force F on a bead with hydrodynamic radius r moving with velocity v in a fluid with viscosity η is given by
In Newtonian fluid approximation, the viscosity can be regarded as a constant. The velocity of a bead moving through a viscous fluid is proportional to the force. In the calibration experiments, we used the 2.8 µm magnetic beads M-270 with carboxylic acid group shell. The measurements were performed in fluids with a low and a high viscosity. The first fluid with low viscosity was diethylene glycol (DEG, puriss, 99.0%, Sigma-Aldrich, USA), which was mixed with the M-270 solution at a ratio of 200:1. The viscosity of DEG was 31.4 ± 0.16 mPa·s at 23
• C, as measured by a viscosity meter (microVISC, RheoSense, Inc., USA). The highly viscous fluid was made from 85% glycerol (99.0%, Alfa Aesar GmbH, Germany) mixed with 15% water. The ratio of mixed fluid with bead solution was 400:1. Before every experiment, 0.2 ml of the mixing solution was injected into the fluidic cell with pipette. After 10 min of sedimentation, drag experiments were done. In this work, all experiments were done with the same fluidic cell, which had a 0.1 mm radius of workspace, 60 µm width of tip. The particle tracking algorithm used here was NCC.
As in Fig. 5(a) , the fluidic cell was aligned manually under microscope by adjusting the XY stage with the help of the overlaying of design tips contour. As we can see, the actual tips were not very well defined. All tips have a smaller width than desired, especially the tip at bottom right. Also the top right tip was much thinner than designed. A bead was positioned near the center of the workspace. In order to calibrate the force, we dragged the bead along x direction in the central area from (−15 µm, 0 µm) to (15 µm, 0 µm). Before every measurement, the bead was actuated to the start point (15 µm, 0 µm) by the PI controller. Then, the controller was turned off and the bead was actuated by constant input currents. The movements of bead were tracked until the bead arrived at the final point (−15 µm, 0 µm). After that, the PI controller was activated and the bead was actuated towards the start point again. Only the tracking points between −10 µm and 10 µm were analyzed. The velocity was deduced by fitting the position as a function of time with a linear function. The force acting on the bead during the constant current-on phase was then computed from the velocities. The magnetic force on a bead that was held at the central point was compared to the force module as a function of the coil current. The results are presented in Fig. 5(b) . As the current through the driving coils increases, the applied magnetic force increased as predicted by the model. Considering the actual shape of tips, the experimental force agrees well with the force model in the low force range (<400 pN). When the set force was larger than 400 pN, some fluctuations were observed in practical force output, which are probably due to the high speed of the bead. In order to clarify this, we used another fluid of 85% glycerol with higher viscosity for this high force measurement. The viscosity of 85% glycerol was deduced by the DEG result at low force (100-300 pN). With this fluid, the bead shows a clear saturation behavior towards 360 pN. Several causes can be ascribed to this early saturation: (1) the width of tips is smaller than the design and the simulation model; (2) the distance between tips is larger than the design and the simulation model; and (3) perhaps most important, due to laser cutting, the effective total "saturation" magnetic field in the outside layer of the tips decreases. The maximum experimental force is about 400 pN, less than the simulated value (1060 pN). Thanks to the sharp structure and the high permeability of the tips, as in simulation, just a very low current is sufficient to achieve a high force.
In order to evaluate the effect of tip deformation, we also measured the force distribution on a 7 × 7 grid (x: from −30 µm to 30 µm and y: from −30 µm to 30 µm, each with 10 µm step) in DEG. The bead was first trapped at each starting location by active feedback control, and then the drag measurements were done. The response of the probe's motion was also analyzed by linear fit. Here, the force model was activated in drag experiment to set a constant force 20 pN along x direction at each grid point. The force error map is shown in Fig. 6(a) . The error was calculated by the formula 100% × (F exp − F mod )/F mod . As in simulation, in the central area and far away from deformed tips, the errors are small. It is obvious that the error in upper right area is high. We inferred this high error from the thinner tip. In addition, in order to inspect the feedback control, we actuated the magnetic bead to follow a predefined trajectory in 1/4 area by few set points, as shown in Fig. 6(b) . Here, the output force of PI controller was limited to 30 pN in both x and y directions. When the bead got closer than 0.5 µm to one set point, then it was actuated towards the next set point. In the trail of "F," there is a little bending towards the left in the vertical line. Similar behavior was observed in the slash of "Z." This may result from the unbalance of the tips. The force component from the left tip is higher than desired. Although there are several spots in the workspace as shown in Fig. 5(a) , the bead can be tracked very well by NCC algorithm (COM did not work in this situation). Some tracking points were missed at the center of the "Z." This is because of a spot in that area with a similar optical pattern as the bead, which made the polynomial fits of cross correlation fail.
IV. SUMMARY AND DISCUSSION
Both high force output and good maneuverability are achieved with our newly developed magnetic tweezers. Up to 400 pN can be applied on a 2.8 µm bead in any direction within a plane. Active video tracking based feedback control is implemented at speed up to 1 kHz. An inverse model which can deal with high force and nonlinearities was derived to facilitate the implementation of feedback control. High force can be generated in a large workspace with size of 0.1 × 0.1 mm 2 . Both simulation and experiment indicated that the shape of tips has a strong effect on the magnetic force. Because of the difference between actual tips shape and design, the experimental saturation force is about half of the simulation value. Although we can increase the maximum magnetic force by using a smaller workspace, it may deteriorate the accuracy of force (maneuverability). In practice, it should be a tradeoff between maximum force and the accuracy of force. However, both the potential maximum force and maneuverability could be improved by optimizing the manufacturing process of magnetic tips. In addition, thanks to the high permeability of main yoke and tips, the bandwidth of the amplifier can be enhanced very easily by using a coil with fewer turns. According to the findings in Ref. 20 , with a higher magnification objective (for example, water immersion with high numerical aperture), the spatial resolution could also be improved.
